The Néel and the singlet RVB orders of the t-J model in a 2D square lattice are studied in the slave-boson mean-field approximation. It is shown that the Néel order parameter takes the maximum value at the finite temperature and disappear at the lower temperature for a certain range of doping. It is also shown that the Néel and the singlet RVB orders coexist at low temperature.
and b † i b j , which represent the coherent motions of spinons and holons, respectively, and the singlet RVB order parameter f i↓ f i+(1,0)↑ and f i↓ f i+(0,1)↑ , which represents the singlet pairing of spinons. We assume the d-wave pairing: f i↓ f i+(1,0)↑ = − f i↓ f i+(0,1)↑ , since the singlet RVB susceptibility for the d-wave pairing is shown to diverge at the temperature higher than that for the s-wave pairing.
The mean-field Hamiltonian is obtained as
where
and λ is Lagrange multiplier, which corresponds a holon chemical potential, µ = µ f + λ is the spinon chemical potential,where µ f is the electron chemical potential,
, and the prime on the summation symbol indicates that the sum is taken over the Brillouin zone for the sublattice. The diagonalized Hamiltonian has four energy bands, ±E 1k and ±E 2k , where 2 and µ < 0 for δ = 0. The self-consistent equations are given by
The above equations are solved numerically for t/J = 4.0, which is considered to be appropriate for high T c cuprates.
The resultant phase diagram is in Fig parameter exists only in the finite temperature range. The physical reason for this behavior will be discussed in the next section. At higher doping rate δ > δ 2 , T RVB decreases monotonically with δ. At δ > 0.275 T RVB is lower than 10 −3 . In principle, T RVB is finite for finite spinon density. We could not determine the finite value of T RVB for the sake of numerical accuracy.
The temperature dependence of the staggered magnetization m s is shown in Fig. 2 for various doping rates. The order parameter takes the maximum value, i.e. , the hump at 0 < T < T N . This hump is particularly noteworthy for high doping. For the doping rate δ c < δ < δ 2 , the order parameter, which increases once below T N , vanishes at the finite temperature. The Néel order parameter for a fixed temperature decreases as the doping increases.
III. DISCUSSION AND SUMMARY
We have studied the t-J model on the 2D square lattice in the mean-field approximation with the slave-boson description. We have taken account of four order parameters, viz. , the Néel order parameter, the d-wave singlet RVB order parameter and the bond order parameters of spinons and holons, and have obtained the phase diagram in the T-δ plane.
Our result of the temperature dependence of the staggered magnetization m s in Fig. 2 [ 10] agrees qualitatively with the neutron scattering experiments of L 2 CuO 4+δ by Keimer et. al.
[ 11]. The staggered magnetization curve against temperature has pronounced peak for samples with lower Néel temperature [ 12] . In their experiments the doping rate of each samples ( Fig. 2(a) in their paper) is not clear, but the sample with lower Néel temperature is considered to be the sample with the larger doping rate. Therefore their experimental findings is consistent with our result Fig. 2 , where the peak of the staggered magnetization is pronounced for larger doping rate.
The physical reason why the staggered magnetization is reduced at the low temperature side is the following. In general the nesting of Fermi surface with fixed wave vector Q = (π, π) is hindered by the doping, since the Fermi surface is shifted from that at half filling, and susceptibility for the Q is reduced. This reduction is pronounced at lower temperature since at the higher temperature the effect of the shift of the Fermi surface from that at half filling is smeared out [ 3, 4] .
In Fig. 1 the Néel order coexists with the singlet RVB order for the low temperature side. This suggests the coexistence of the the Néel order and the superconducting order. The superconducting order is characterized by the coexistence of the singlet RVB state and the bose condensation of holons because of
The latter does not occur in the exact 2D system at finite temperature, but may occur if 3D effect is taken into account in the holon dispersion. Then the superconducting order can coexist with the Néel order in the coexistent phase of the Néel and singlet RVB orders. This coexistent phase has not been observed in the experiment. The reason is considered that the localization effect induced by disorder associated with doping is much enhanced in the small doping region in the Néel order phase, because the effective bandwidth and the carrier number are quite small there. We expect the experimental observation of the coexistence phase in samples where the disorder effect is small. For example La 2 CuO 4+δ may be a good candidate since the metallic state with the Néel order is observed and the effect of disorder may be weak. The preparation of the sample with single phase are desired.
In summary, we have studied the 2D t-J model in the slave-boson mean-field approximation with four order parameters: the Néel, RVB, and bond orders and the phase diagram has been obtained. It has been shown that the Néel and the singlet RVB orders can coexist at low temperature. We also show that the staggered magnetization takes the maximum value at the finite temperature. The interesting reentrant behavior of the staggered magnetization is predicted for a certain range of δ. 
